Summary.
Using the force modulation mode in atomic force microscopy, we measured elastic properties of living mouse fibroblasts (NIH3T3) in a culture medium. The topographic images of the cellular surface and the corresponding elastic images of the cellular surface were able to be captured simultaneously with high spatial resolution.
The consecutive images were useful for examining time-dependent changes in the cellular surface.
We observed that some cells continued to shrink and change their softness for 2 hours. Then the force modulation mode in atomic force microscopy shows potential use in analyzing time-dependent regional elastic properties of living cells with high spatial resolution.
The atomic force microscope (AFM) holds great promise as an instrument that can image the surface morphology of biological samples in various (vacuum, air or liquid) environments with high spatial resolution on a submicron scale (e. g., for reviews see UsHIKI et al., 1996 and references therein) . Recent advances in technology have made it possible to obtain AFM images not only of topographic but also of elastic information of samples (for reviews see HANSMA et al., 1997) . At present, two different methods are proposed for measuring elastic properties of samples with the AFM: force mapping and force modulation modes. The force mapping mode measures the relation between the cantilever-induced force and sample indentation, while the cantilever is intentionally pushed against the sample at each portion over the sample surface. In the force modulation mode, the cantilever is vibrated on the sample by an additional sinusoidal signal and the sinusoidal indentation of the sample is monitored through cantilever deflection.
Of the two modes, the force mapping mode has been recently applied to the studies on living cells in a liquid environment (activated human platelets, RADMACHER et al., 1996; chicken cardiocytes, H0F-MANN et al., 1997) . However, this mode requires a fairly long time for single image acquisition (an hour for a 128 linesx128 pixels image) in liquid. Compared with the force mapping mode, the force modulation mode is expected to achieve high spatial resolution in short time. This mode is also attractive because it can simultaneously obtain both elastic and viscous properties. However, very few studies using this mode have been made, especially in biological samples in a liquid environment. Thus, we attempted to measure the topographic and elastic images of living cultured cells (mouse NIH3T3 fibroblasts) in a culture medium using the force modulation mode in AFM.
MATERIALS AND METHODS

Sample preparation
Evaporated polyethylene islands on a glass slide were prepared as an elastic standard using a usual vacuum evaporation method (KAWABATA et al., 1990) . Cultured cells used in the present study were mouse NIH3T3 fibroblasts, which were purchased from RIKEN Cell Bank (Tsukuba, Japan). Cells were grown in Dulbecco's modified Eagle's medium containing D-glucose (1,000mg/l) and 10% fetal bovine serum (GIBCO BRL, Basel, Switzerland). They were *This work was supported in part by the Inamori Science Foundation.
maintained at 37C in a 95% air/5% CO humidified incubator. For AFM imaging, cells were cultivated at 2x105cells/ml on glass slide of 8mm square precoated with type-I collagen (Nitta Gelatin, Osaka, Japan) for 1 day before the experiment. The glass slide with the cells was glued onto a steel plate with an adhesive (cyanoacrylate), and mounted in an AFM (SP13800, Seiko Instruments Inc., Japan). Then the fresh and warmed medium was poured into the sample chamber so that the cells were able to live during the measurements (at least 3-5h).
AFM imaging and elastic measurement
The microscope was equipped with a piezo translator with a maximum xy-scan range of 150um and a z-scan range of 5urn (FS-150AR, Seiko Instruments Inc., Japan). Cantilevers used were of 200um long Si3N, triangular type with a spring constant, k, of 0. 02N/m (Olympus, Japan). For the force modulation mode, the cantilever was oscillated at a 4kHz frequency and 4nm amplitude by an external oscillator. This oscillating force causes the sample deformation that depends on its elastic properties. Sinusoidal response of the sample to the external force was detected as an additional oscillating deflection of the cantilever.
In-phase and out-phase signals corresponded to elasticity and viscosity of the sample, respectively.
Since it is difficult to estimate the extrinsic phase shift caused by the viscosity of the culture medium, we assumed that the amplitude of the cantilever deflection was proportional to the sample elastictiy, and show only the elastic images in this study. The topographic data are usually graphically displayed as shaded images while the elastic data are shown as gradation images (UsxIxl et al., 1996) .
RESULTS
We first simultaneously took topographic and elastic images of evaporated polyethylene islands on a glass slide in water as a standard sample for ascertaining the validity of the force modulation mode of AFM (Fig. la, b) . Small polyethylene islands with typical sizes of 5um in diameter could be clearly observed in the topographic image. The elastic image clearly where the deflection signal was larger (brighter in the image) than those in the glass substrate.
Topographic and elastic images of the living fibroblasts were simultaneously obtained in the culture medium with the AFM (Figs. 2, 3) . The images were usually captured for 10min in an area of 100x100 jcm2. In the topographic images, most of the cells extended lamellipodia sticking to the glass substrate.
Slender processes with a width of Ium and a thickness of 0.1um were clearly seen at the cell margin. cytoskeleton just below the membrane. The elastic images which were obtained simultaneously with the topographic ones showed that the surface of the cells was brighter, i. e. softer, than that of the glass substrate. At the cellular margin, we sometimes observed regions which apparently correspond to the filamentous elevations in the topographic images.
Boundaries between thin lamellipodia and the glass substrate were very clearly detected in the elastic images, while these were sometimes difficult to determine in the topographic ones on a large scale. The topographic and the elastic signals at the highest region of the cell bodies were sometimes saturated or dented due to the limited z-range of the scanner used. We also attempted to show how the morphology and elastic properties of the living cells change with time. Figure 4 is an example of consecutive AFM images of the living fibroblasts : two topographic (Fig.  4a, c ) and elastic images (Fig. 4b, d ) taken after one and two hours from capturing Figure 2 . We often observed fibroblasts shrinking with the passage of time at individual speed. Sectional profiles of the cells in the topographic images (Fig. 5a) clearly showed that the height of the cell became lower with time, while the thin lamellipodia extended widely. The simultaneously captured elastic images showed that the deflection signals became smaller with time, which means the softness of the cell changed with time (Fig. 5b) .
DISCUSSION
The present AFM study has demonstrated the timedependent elastic properties of the living fibroblasts in the culture environment with a spatial resolution on a submicron scale. As noted in the Introduction, two operating modes for AFM have been proposed for measuring regional elastic properties of samples; the force modulation and the force mapping modes. In comparison with the force mapping mode, the force modulation mode used in the present study has some characteristic advantages for examining the elastic properties of the sample in a liquid environment, as follows; 1) High spatial resolution: The elastic image obtained by this mode has a lateral resolution in nanometers as high as that of the topographic image. This is contrast with the fact that the spatial resolution is expected to be limited in submicrometers on the force mapping mode because the tip leaves the sample surface at each measured point.
2) High temporal resolution: The force modulation mode is also suitable for examining time dependent changes of the samples. The scan speed can increase as the modulation frequency is set higher. Although its speed is limited by that for capturing the topographic image, it takes less than 10 min to obtain a 128 linex128 pixel image even in a liquid environment, which is a few times faster than that of the force mapping mode. Thus we have succeeded, by the force modulation mode, in measuring the time dependent changes of both topographic images and the regional elastic properties of the living cells while achieving high lateral resolution of 128x128 pixel images. Shrinking of the cells with time probably occurred because the environment was not suitable for the cell culture during the measurement.
However, these findings confirmed expectations that elastic images of the living cells using the force modulation mode can provide us with useful information concerning time dependent changes of living phenomena in elasticity.
3) Depth resolution: The vibration amplitude of the cantilever in the force modulation mode is on the order of several nanometers, while typical indentation of the cantilever in the force mapping mode is several hundred nanometers.
This means that the force modulation mode detects only surface properties and avoids influence from the substrate beneath the thin soft sample, while the force mapping mode may detect such substrate properties. We did not observe such a large difference in elasticity between the peripheral and the central areas of the fibroblasts, while there is a report that the peripheral area of the human platelets is about 10 times harder than the central area (RADMACHER et al., 1996) . This discrepancy in the elastic properties may originate from the difference in depth between these modes. 4) Viscosity measurement:
The mode has the potential to examine viscous properties of samples. The phase shift of the deflection signal against the applied vibration signal reflects the viscous properties of the sample. Only this mode has such a potential and basic examination in a liquid environment is awaited.
Although the force modulation mode has above many advantages for examining elastic properties of biological samples, one should note the following problems in measuring the elastic properties in liquid at the present stage. Firstly, the obtained values of elasticity in the force modulation mode are not absolute but relative, since the values can be often affected by instrumental conditions such as fluctuation of the laser power. On this point, the force mapping mode is suitable since it can measure absolute regional elastic values.
The second problem is a contradiction in deflection signal between that in ambient air and in liquid: larger deflection signals of the cantilever were detected on the cells of the softer sample surface in liquid, which is opposite of the results obtained in ambient air (RADMACHER et al., 1992 (RADMACHER et al., , 1993 . Although the reason for this contradiction is unclear, a distinct difference in the deflection signals on the polyethylene islands and the glass substrate has been actually detected and reflects qualitatively the elastic property of the sample in liquid. Such phenomena were observed in the case of measurements using the very soft cantilever (k=0.02N/m), which is unavoidable for measuring the living cell. The viscosity of water 
